Abstract. The preparation and photophysical properties of a number of water-soluble metallated phthalocyanines are described. These compounds have been shown to be effective photosensitizers for the destruction of tumours. The photophysics of various aluminium phthalocyanines of different degrees of sulphonation, from mono (S1) to tetra (S4); and of various disulphonated (S2) regioisomers was shown to be broadly similar, although the compounds varied greatly in terms of lip0 solubility, and phototoxicity.
The effect of change of axial ligand, and of binding to the serum protein human serum albumin upon the photophysics of the dyes is also reported. btroduction Apart from radical surgery, the two major techniques used for the treatment of cancer are radiotherapy and chemotherapy. Whilst combatting tumour growth with some success, both methods can also induce disabling and life threatening side effects mainly because they destroy indiscriminately both normal and tumour tissue. Selective tumour destruction has thus become a major goal in oncology research. Photodynamic therapy (PDT) is a technique that uses light activated sensitisers, ie. compounds that are nontoxic until irradiated with light of an appropriate wavelength tuned to the absorption band of the sensitiser. Specific tumour targetting with PDT may be achieved firstly via using photosensitisers that accumulate preferentially in neoplastic tissue and secondly by confining and controlling the irradiation area using fibreoptically delivered laser light. Body tissue is relatively transparent in the red and near-infrared spectral regions with the consequence that PDT sensitisers absorbing at these longer wavelengths are able to produce a greater depth of tumour kill.
The ideal properties of a photosensitiser are easily summarised, although the assessment of a sensitiser in these terms is not as straightforward as might be supposed because the heterogeneous nature of biological systems can profoundly affect the properties. Ideally, a sensitiser should be red or near infrared light absorbing; non-toxic, with low skin photosensitising potency; selectively retained in tumours relative to normal adjacent tissue; an efficient generator of cytotoxic species, usually singlet oxygen; fluorescent, for visualisation; of defined chemical composition, and preferably water soluble, although with use of liposome delivery systems, the last is not essential.
The sequence of events in PDT are shown in Fig. 1 , from which it can be seen that complete establishment of the protocol requires wider study of biochemical and photochemical phenomena. Here we concentrate upon the photochemical, with the following questions in mind. 
I1
Although HpD has a low intrinsic toxicity at therapeutic doses and shows selective retention in tumor masses it consists of a complex mixture of porphyrins, the composition of which varies with different preparations and storage times. The disadvantage of attempting to work clinically with a complex mixture of substances are compounded by the fact that HpD may aggregate to different extents in different environment with resultant alterations in biological efficacy.7-11 Furthermore, HpD absorbs red light only weakly. This is a major disadvantage in a treatment where it is better to use red or near infra-red light (Labs = 600-1OOonm) for optimal tissue penetration.12
Finally, an additional complication is that patients receive HpD for PDT often suffer from photosensitive reactions to daylight as a consequence of the retention of appreciable amounts of dye in the skin.12
In order to overcome many of the disadvantages associated with HpD, a variety of alternative 'secondgeneration' photosensititsers have been investigated. Chlorinsl3-16, purpurinsl7-18, benzoporphyrinslg-20, verdins and rhodins2 l , pheophytins22, p h e~p h o r b i d e s~~, tetra-aza-tetra-benzo porphyrins or phthalocyanine~~~ and alkoxy yhthalocyanines and the siloxy phthalocyanines25-30 are all compounds with potential use in PDT. We concentrate here upon phthalocyanines, with which the Imperial College group has been long associated. 
Photophysics of compo nents
The absorption, fluorescence emission and excitation spectra of component c,d,e,g,g/h and j in methanol and aqueous solutions were analogues to the bulk AlPcS2 material and thus typical of monomeric metallophthalocy a n i s .
In aqueous solution, the Q-band of all species was seen to be broader in comparison to that in methanolic solution and the maxima peaks were less sharp.33 For component e in methanol a shoulder on the blue side of the Q-band was observed which became more pronounced in aqueous solution. An analogous profile was also seen in the fluorescence excitation spectra of both solutions. Additionally, evidence of dimerisation of this component in water was provided by the presence of a significant peak at 630 nm that was not observed in the fluorescence excitation spectrum. Components a/b and f displayed a splitting of the Q-band absorption in both solvents, and difference between the two peaks being more pronounced in water.
It is tentatively suggested that this Q-band splitting with components a/b and f is caused by different transition dipoles along the x and y direction of the phthalocyanine structure. For unmetallated phthalocyanines the absorption Q band is split into two bands labelled Qy (lower wavelength) and Qx. Thesc signify electronic transitions in which the transition dipole lines along the y and x axes of the molecule as depicted in Fig. 4 .
In symmetrical metallophthalocyanines the dipole moments are identical and so the Q-band appears as a single peak. Photophysical properties of components a-j are summarised in Table 1 ,33 and are seen to be very similar. However, the photocytotoxicity is markedly different as can be seen from Fig. 5 .
The results of the in virro work with V79 cells shows that photocytotoxicity is generally related to component lipophilicity. Analogous results have been reported for aluminium, gallium and zinc phthalocyanines sulphonated to varying degree~35-3~ in photocytotoxic experiments with V79 cells and a correlation between increasing lipophilicity, as measured by partition coefficients, and cell uptake with differently substituted sulphonated aluminium phthalocyanines has also been shown.31 The value of LDgo determined in this work for the bulk AlPcS2 material, i.e. = 2.1 pM, is consistent with those reported in the literature for GaPcS2 3 and AlPcS2,4 i.e. 1.6 pM and 1.7 pM respectively (both used 4 minutes irradiation with a source emitting light at wavelengths greater than 590 nm with an energy fluence of 55 kJ m-2). Component g is seen to have a slightly greater photocytotoxicity than the bulk material, whilst all other components are poorer agents. The bulk AIPcS2 material, which is at present undergoing tests as a photosensitiser for use as a potential clinical PDT drug, is a mixture of the above components and consequently has reduced photocytotoxic action compared to the isolated Iipophilic component g. It may therefore be reasonably argued that this isolated species would be more efficacious. However, as demonstrated by Chan et.al.38, the situation as regards uptake and efficacy in vivo is far more complex and less well understood than the in virro case, i.e. in virro the cytotoxicity was seen to increase with decreasing sulphonate substitution of aluminium phthalocyanines whereas in vivo the opposite effect was seen such that AlPcS4 was taken up by the turnour to a greater extent than AlPcS1. Recent in vivo studies by Peng et.al.39 have shown that tumour damage is induced by the lipophilic species AlPcS2a (sulphonates on adjacent rings of the phthalocyanine) and the highly hydrophilic compound AlPcS4. Importantly, they showed that the tumour uptake and distribution of each compound was different, i.e. AlPcS2a locating in tumour cells and causing damage to organelles and nuclear structure and AlPcS4 residing in the vascular smma and inducing turnour destruction via damage to vascular structures. Therefore a PDT treatment of a combination of these two species may prove to be far more efficacious in vivo. Iy for A -0.4 AU increased photodynamic action through axial ligand interactions may exist for other metal (or metal1oid)Aigand combinations. We have reported elsewhere on the effect of deuterium substitution upon the photophysics of AlPcS2.4
Photophysical parameters for some sulphonated gallium phthalocyanines arc given in Table 3 . In general all gallium species possessed the same photophysics as GaPcS2. AIPcS2. AlPcS2 is bound at a site which is protected from the aqueous phase resulting in an increase in the fluorescence and triplet lifetimes and a significant reduction in the rate of quenching by BQH2. On addition of fluoride ions the fluorescence decay kinetics indicate that APcS2 is displaced from the protective protein microenvironment to the bulk aqueous phase. The decreased association of AlSPc with HSA has been attributed to the formation of the fluoro species AlPcS2 (F) which would imply that the axial ligands play a role in determining the site and mode of association. While the formation of the shorter lived fluoro complex is observed in the fluorescence decay kinetics it is proposed that fluoride binds to the protein and displaces AlPcS2 (>90%) from the site of binding. The remaining AlPcS2 (-8%, 21 = 1 ns) which is not affected by fluoride ions is attributed to the presence of an interfacially bound impurity, presumably AlPcS 1.
GaPcS3bul
AIS3Pc. AlPcS3 is bound to the protein resulting in significant changes in the profile of the Q band absorption. The changes in the Q band absorption are dependent upon the conformational structure of the protein. The fluorescence and triplet state studies indicate that AlPcS3 is bound at a site which offers some protection from the bulk aqueous phase, but to a lesser extent than that experienced by AlPcS2.
ALP&, AlPcS4 is irreversibly bound to acid soluble collagen by electrostatic interactions. In solution with HSA this hydrophilic species experiences the bulk aqueous phase. The rates of reductive quenching of the singlet and triplet excited state by BQH2 and the observation of the long lived radical anion indicate that AlS4Pc is bound to the protein surface. The rate of quenching of the triplet state of AIPcSn (5pM) bound to HSA (30 )rM) by 0 2 is reduced by a factor of ten.
ConcluAlPcS2 had been shown to be very effective sensitizer for PDT. The effects of axial ligand, of pattern, of sulphonation, and of binding to serum proteins have been found not to perturb greatly the basic photochemistry.
